[1] Using 15 months' worth of ground-based broadband and spectral radiation data at Xianghe, a suburban site in northern China, aerosol effects on surface irradiance are explored in this study. Collocated aerosol optical depth (AOD) and surface irradiance measurements made under cloudless sky conditions are first binned according to solar zenith angle. Empirical equations are then developed to describe the relationships between AOD and surface shortwave radiation (SWR) and photosynthetically active radiation (PAR). The equations are finally used to derive quantitative estimates of aerosol effects on surface SWR and PAR. The annual mean aerosol direct radiative forcing (ADRF) values for SWR and PAR derived from measurements are À32.8 and À16.6 W m À2 , respectively, which are in good agreement with those derived from radiative transfer model simulations. Variations in aerosol concentration not only change the amount of global solar radiation reaching the Earth's surface but also alter the relative proportions of diffuse and direct solar radiation. The annual mean changes in direct and diffuse SWR induced by aerosols are À89.6 and 51.0 W m À2 , respectively, and the annual mean changes in direct and diffuse PAR induced by aerosols are À51.0 and 29.6 W m À2 , respectively. The effects of regional haze in China on climate and crop production should be further studied.
Introduction
[2] It is widely recognized that aerosols directly influence the Earth's radiative balance by backscattering and absorption of shortwave (solar) radiation and indirectly by influencing cloud properties and lifetimes [Charlson et al., 1992] . Over land and from an integration of satellite retrievals and model simulations, aerosol direct radiative forcing (ADRF) has been estimated as equal to À4.9 ± 0.7 W m À2 and À11.8 ± 1.9 W m À2 at the top of the atmosphere and at the surface, respectively. These are generally larger than estimates by chemical transport model simulations by about 30-40%, even after accounting for thin cirrus and cloud contamination on satellite measurements [Yu et al., 2006] . Because of the relatively short lifetime of aerosol particles and their large regional variability, instances of strong localized direct forcing were revealed from satellite retrievals. Aerosols may cool or warm the climate system depending on aerosol absorption properties and surface albedo, but there is no doubt that aerosols may induce a substantial decrease in surface irradiance via its scattering and absorption of sunlight. Satheesh and Ramanathan [2000] pointed out that the aerosol forcing at the top of the atmosphere was only about one-third as great as that at the surface. The difference goes into heating the atmosphere and this heating may affect the water cycle through its effect on local vertical circulations and largescale monsoon circulations [Ramanathan et al., 2001a] .
[3] As one of the largest developing countries, China has experienced rapid economic growth and population expansion, which has lead to an increase in aerosol optical depth (AOD), especially in eastern China where anthropogenic activities result in high aerosol loading all year round [Luo et al., 2001; Zong et al., 2005] . The increase in aerosol loading likely partly accounts for the notable decrease in sunshine duration and surface irradiance [Che et al., 2005; Liang and Xia, 2005; Qian et al., 2006] . Regional changes in temperature and precipitation pattern since the mid-1970s in China are probably related to heavy aerosol loading and strong absorption by aerosols [Li et al., 1995; Xu, 2001] . Researches on aerosol properties and radiative effects were performed in China and substantial progress was made in recent years . The spatiotemporal variations of aerosol optical properties were explored using the ground-based and satellite data [Li et al., 2003; Xia et al., 2005; Eck et al., 2005; Xia et al., 2006] . The dust radiative forcing was simulated using a dust optical model [Wang et al., 2004] and observed from the ground-based data [Cheng et al., 2006] . Note that the spatial and temporal variations of the complex aerosols throughout the vast territory of China and their effects on climate are still not well known [Mao and Li, 2005] ; therefore long-term measurements of aerosol loading and aerosol effects on surface irradiance made in the continental source regions of China are still urgently required [Li, 2004] .
[4] In order to gain insight about aerosol properties and their climatic and environmental effects over this major aerosol source region, a project titled the ''East Asian Study of Tropospheric Aerosols: an International Regional Experiment'' (EAST-AIRE) commenced in 2004 . An important goal of the project is to establish 4 -5 supersites in China, instrumented with spectral and broadband radiometers, so that multiyear measurements can be made. The ground-based radiation data can be used with satellite data to assess comprehensively aerosol effects on the energy budget in the region.
[5] In September 2004, the first supersite was established at Xianghe, where a set of solar radiometers was installed. More than two year's worth of continuous measurements has been collected so far, which provides an opportunity to examine aerosol effects on surface irradiance. The objective of this study is to estimate aerosol effects on surface shortwave radiation (SWR), photosynthetically active radiation (PAR) and the partitioning of direct and diffuse components. While some of Li et al. [2007] are also concerned with aerosol radiative effects, this study differs in several ways. First, the method of estimating the aerosol radiative effect is different. Second, this study includes an analysis of the PAR data. Third, the partitioning of direct and diffuse radiation is studied. Fourth, closure tests are performed which involves comparing measurements with model simulations.
Site Description and Instrumentation
[6] In September 2004, a radiation site was established in Xianghe County (39.753°N, 116.961°E, 30 m asl), a suburban region in northern China. The site is located about 80 km southeast of central Beijing. A CIMEL Sun/sky radiometer and a set of broadband radiometers were installed side by side. A Total Sky Imager (TSI) was employed to take snapshots of the overhead sky every minute during the daytime. The instruments were installed on the roof of a four-story building where the field of view is unobstructed in all directions. Radiation data from October 2004 to December 2005 were used in the analysis.
AERONET Data
[7] A CIMEL Sun/sky radiometer was installed in September 2004 and since then, Xianghe has become one of the Aerosol Robotic Network (AERONET) sites [Holben et al., 1998 ]. AODs at seven wavelengths (340, 380, 440, 500, 670, 870, and 1020 nm) are retrieved with an uncertainty of 0.01 $ 0.02 [Eck et al., 1999] . The measurements at 940 nm are used for the derivation of the water vapor column amount. Aerosol size distribution, refractive index and single-scattering albedo are retrieved from the sky radiance measurements and AODs . The data presented here are level 2.0 quality-assured data and have been prefield and postfield calibrated, automatically cloud screened and manually inspected.
Broadband Solar Radiation Data
[8] Surface irradiance is measured by a set of solar radiometers (see Table 1 ). The radiometers take samples every second but 1-min means and standard deviations are saved to a Campbell data logger. Kipp-Zonen CM21 and CM11 radiometers are used to measure global SWR. Global SWR can also be derived by summing the direct and diffuse components of radiation, which are measured separately by an Eppley Normal Incidence Pyrheliometer (NIP) and a black-and-white radiometer (B&W), both mounted on an EKO STR-22 solar tracker. A redundant set of broadband radiometers is used to ensure the precision of measurements, and to rule out possible biases due to physical problems (e.g., misaligned solar shadowing disk). A PAR-LITE quantum sensor is used to measure the photon number density. The radiometers were factory calibrated immediately before installation and ventilated as recommended by the World Climate Research Program's Baseline Surface Radiation Network (BSRN). Radiometer dome cleaning and level checks are performed daily to ensure data quality and consistency. The data are stored at the site and transferred to the University of Maryland overnight where they are visually inspected for quality assurance. Thermopile-based single black detector broadband radiometers are known to suffer from infrared loss from the detector [Dutton et al., 2001; Philipona, 2002 , Michalsky et al., 2005 . The mean nighttime offsets of the CM21 and CM11 radiometers used in this study, an indicator of the magnitude of the infrared loss in the global measurements, are about À2 W m À2 and À4 W m
À2
, respectively. The nonideal angular response of the CM21 and CM11 radiometers also limits their accuracy to about 3% [Michalsky et al., 1999] . Given these limitations, global SWR was calculated by summing the direct beam radiation measured by the NIP (multiplied by cosine of the solar zenith angle) and the diffuse horizontal radiation measured by the B&W. The data were quality-checked using the Baseline Surface Radiation Network (BSRN) quality control procedure [Ohmura et al., 1998 ]. The quality-controlled data are then submitted to the Baseline Surface Radiation Network (BSRN) for archiving. The field measurement uncertainties were estimated to be 3%, 6%, and 6% for direct, diffuse and global measurements using NIP and B&W radiometers [Stoffel, 2005] . Because the NIP and the shaded and ventilated B&W were used in this study, the measurement uncertainties here should be close to those estimates.
Total Sky Imager (TSI) Data
[9] A TSI-440 was installed to take pictures of the overhead sky every minute during the daytime. The TSI-440 model is a full-color sky camera with a software package that operates the instrument and performs some data processing functions. A rudimentary estimate of the cloud fraction can be retrieved from an algorithm provided by the manufacturer.
Clear-Sky Discrimination From Radiation Data
[10] Because of the focus on aerosol radiative effects under clear-sky conditions, the first step in the analysis is to detect cloud-free skies. This is achieved using an empirical clear-sky detection algorithm proposed by Long and Ackerman [2000] , with some modifications to better cope with the specific conditions under study. The method is briefly introduced here for completeness.
[11] The global SWR under clear skies can be simulated by a power law function of the cosine of the solar zenith angle (q) [Long and Ackerman, 2000] , i.e., F global = a Â m b , where F global is the global SWR, m is the cosine of q, a and b are two parameters. The value of b is set to 1.2 and the coefficient a is increased gradually to simulate global SWR for clear skies with different aerosol loadings. If 80% of the measurements are less than the computed values given by equation (1) with the specified coefficients, the process is terminated and the corresponding coefficient a is saved. Measurements are probably influenced by cloud if the absolute relative deviation of measurements from the corresponding computed values is greater than 20%. The second test involves normalizing the CM21 measurements by the computed values from equation (1). A running standard deviation over a 30-min period is calculated to check the variability of the normalized radiation. The measurement is deemed affected by cloud if the standard deviation is greater than 0.02. The third test checks whether the B&W measurements are greater than a limit for the maximum diffuse radiation where Dif max = 350 Â m 0.5 . Note that Dif max is a factor of 2 larger than that used by Long and Ackerman [2000] . This is mostly due to heavy aerosol loading at the Xianghe site and the objective of using 350 W m À2 is to retain data points under hazy but cloud-free skies. The presence of clouds can result in a dramatic fluctuation of solar radiation on a short timescale, for example, over a 1-min period, so the fourth test checks the standard deviation of 1-min global (CM21) and B&W data. The data are eliminated if the standard deviations are larger than 0.02. If sufficient clear-sky measurements are identified on a given day, the power law equation is fit to the data [Long and Ackerman, 2000] and the cloud-screening method was then performed using new parameters.
[12] Data are identified as measurements under cloud-free skies if they pass the four tests described above. As a final step, the clear-sky radiation data are collocated with AERO-NET data.
Comparison Between Measurements and Model Simulations
[13] The Santa Barbara DISORT Atmospheric Radiative Transfer model (SBDART) was used to estimate surface irradiance. SBDART relies on the LOWTRAN-7 atmospheric transmission data and the radiative transfer equation is numerically integrated with the DISORT radiative transfer module [Ricchiazzi et al., 1998 ]. SBDART was run with 33 altitude layers and used four radiation streams. SBDART agreed to better than 3% in the broadband calculations of irradiance with measurements [Halthore et al., 2005] . Radiosonde data taken 50 km north of Xianghe are used to describe the vertical profile of the atmosphere. The column-integrated ozone and water vapor amounts are scaled by ozone data from TOMS http://toms.gsfc.nasa.gov) and water vapor data from AERONET. The aerosol inputs to the SBDART model include aerosol optical depth, singlescattering albedo and asymmetry factor at four AERONET wavelengths, i.e., 440, 670, 870 and 1020 nm, which are used to interpolate and extrapolate data into the spectral divisions of the SBDART model. The model interpolates AOD between four wavelengths using the Å ngstrom expression and assumes a l À1 AOD dependence outside the aerosol wavelength range using the 440 and 1020 nm end points as anchors. Surface albedo data at seven wavelengths from the Moderate Resolution Imaging Spectroradiometer (MODIS) are used in the simulations [Schaaf et al., 2002] . [14] As introduced in section 2, the PAR-LITE measures the photon number density, which is a parameter commonly used in ecology. However, the atmospheric science community describes visible radiation using energy units. It was suggested that a constant factor (e.g., 4.57 [Ross and Sulev, 2000] ) could be used to convert the photon number density to radiative energy under clear-sky conditions. Here, both quantities are calculated by the SBDART and the ratios between them are used to convert individual measurements of photon number density to radiative energy. As a result, PAR presented hereafter has units of W m À2 rather than mmol m À2 s
À1
. The model simulations show that the mean ratio and standard deviation are 4.58 and ±0.01, respectively. The ratio increases significantly with AOD and weakly depends on the solar zenith angle (not shown).
Aerosol Induced Instantaneous Changes in Surface Radiation
[15] High aerosol loading in Xianghe prevails all year round and the yearly mean AOD is equal to 0.82 . As a result, aerosols are expected to seriously impact surface irradiance and also the partitioning between the direct and diffuse components of the surface irradiance. The instantaneous changes in the surface irradiance due to aerosol scattering and absorption are presented in this section.
[16] Water vapor is an important atmospheric constituent involved in the absorption of solar radiation and it has a distinct seasonal pattern in northern China. Water vapor effects on the relationship of AOD and surface irradiance D22S10 XIA ET AL.: AEROSOL EFFECTS ON SURFACE IRRADIANCE should be considered if data from different months are mixed together [Li and Trishchenko, 2001] . Water vapor effects are minimized using the following equation, the function of which is to scale real measurements (with varying water vapor contents) into values with fixed water vapor content through SBDART simulations:
where F(q) SBDART fixed and F(q) SBDART obs represent SBDART simulations of surface irradiance using fixed (water vapor corresponding to the maximum occurrence frequency) and measured water vapor contents, respectively.
[17] Since the magnitude of surface irradiance and the spectral distribution depend significantly on the q, the effects of aerosol on SWR and PAR are analyzed separately for narrow q ranges. The analysis includes not only changes in global SWR and PAR, but also changes in the partitioning between the direct and diffuse components of the surface irradiance. It is believed that regional haze in China is currently reducing the optimal yields of 70% of the crops grown in China by at least 5-30% because haze induces a 5 -30% reduction in global SWR [Chameides et al., 1999] . Note that the benefit of the increase in diffuse SWR due to aerosols for crop growth was not considered. It is believed that a high proportion of diffuse radiation increases the radiation use efficiency of photosynthesis because diffuse radiation is distributed more uniformly over and within leaf surfaces and is able to better penetrate vegetative layers. However, with direct radiation the vegetative sublayers are shaded and the illuminated parts may be light saturated and potentially photoinhibited, possibly resulting in decreased radiation use efficiency [Roderick et al., 2001] . It is useful to determine how much direct radiation is transformed into diffuse radiation via aerosol scattering and how these changes in the partitioning impact crop yield and carbon cycling.
[18] Scatterplots of measured surface global SWR and its direct and diffuse components as a function of AOD for nine q ranges are shown in Figures 2 -4 . Relationships between global, direct, diffuse PAR and AOD are also derived, but from PAR-LITE measurements ( Figure 5 ) and SBDART simulations (not shown). The general picture is that direct radiation decreases significantly because of aerosol scattering and absorption, some part of which is offset by a moderate increase in diffuse radiation. Therefore the overall effect of aerosols is to induce a notable reduction in global radiation. Surface irradiance changes linearly with AOD when AOD is less than 0.5, but a nonlinear function is more suitable for the overall relationships. The following exponential equation is used to fit global and direct radiation to AOD: Figure 7 . The data points can be fit by a linear equation [Chou et al., 2006] , but a power law equation is chosen here because it can produce reasonable results when q is 0°or 90°, i.e., F(q) = a 1 Â m a 2 and b(q) = a 3 Â m a 4 . The four parameters are derived using the least squares technique. Instantaneous global and direct irradiance at the surface can then be parameterized as a function of m and AOD in the following way:
[19] The instantaneous changes in global and direct radiation due to aerosols can be computed as the difference between F(q) and F 0 (q). The change in the diffuse irradiance can then be calculated as the difference between the changes in global and direct irradiance. The instantaneous aerosol direct forcing, i.e., the difference in net global SWR (or PAR), with and without aerosol, can be computed as follows:
where ADRF int means instantaneous aerosol direct radiative forcing and a represents surface albedo.
Diurnal Mean Aerosol Direct Radiative Forcing
[20] Note that the instantaneous effects of aerosols on surface irradiance depend heavily on q. In order to remove this dependence so that the AOD dependence can be isolated, the diurnal mean aerosol forcing is computed to better represent aerosol climatic and environmental effects. Obtaining a value for the diurnal mean aerosol radiative effect is not straightforward because the passage of clouds frequently interrupts clear-sky data. The conventional method uses a radiative transfer model to extrapolate instantaneous measurements and then derives the diurnal mean aerosol effect [Conant, 2000; Li and Trishchenko, 2001] . Another method was proposed by Li et al. [2007] where clear-sky irradiances were fit as a linear function of q over whatever time period and then integrated to determine the daily mean ADRF. In general, this method works well unless aerosol properties change dramatically.
[21] Because aerosol-induced instantaneous changes in surface irradiance were parameterized as a function of m and AOD, the diurnal mean aerosol effect on surface radiation can be derived by integration of these instanta- 
where q can be computed using latitude and Coordinated Universal Time (UTC). Ground-based or satellite measurements of AOD can be used in equation (5) to calculate ADRF 24hr . Note that the angular dependence of surface albedo is not accounted for, which likely introduces an uncertainty in diurnal mean ADRF of less than 5% [Yu et al., 2004] .
[22] Figure 8 (top) presents monthly mean ADRF 24hr for SWR and PAR at the surface, respectively. The results were obtained by averaging daily mean ADRF 24hr calculated using equation (5) ). The discrepancy stems from different background levels used in the analyses. In essence, this study assumes no aerosols in the atmosphere as the reference, whereas the Li et al. [2007] method employs a background level of aerosol loading as the reference. The annual mean ADRF SWR decreases to about À24.5 W m À2 if the background level of aerosol loading of Li et al. is used in the analysis, which is close to the estimate of Li et al. [2007] . ADRF SWR is several factors greater than the average over global land and shows a distinct seasonal variation, namely, À40.2, À48.8, À27.8, and À14.3 W m À2 for spring, summer, fall and winter, respectively. The maximum ADRF SWR occurs during summer when both the AOD and the day length reach peak values. The annual mean ADRF for PAR (ADRF PAR ) derived from PAR-LITE measurements is À22.0 W m
À2
. ADRF PAR for different seasons is equal to À20.7 W m À2 (spring), À25.1 W m À2 (summer), À13.7 W m À2 (fall), and À6.8 W m À2 (winter). These values are about half that for SWR, which is also in good agreement with SBDART simulations.
[23] The normalized ADRF (NADRF, the ratio of ADRF to AOD) indicates the efficiency of the aerosol effect on the surface irradiance (Figure 8 , bottom). The annual mean NADRF for the SWR (NADRF SWR ) derived from measurements and model simulations is À55.2 and À55.7 W m
, respectively. NADRF SWR shows a moderate seasonal variation, namely, À61.5, À70.2, À49.0, and À39.9 W m À2 for spring, summer, fall and winter, respectively. In comparison, the mean NADRF SWR in the Middle East is À85 W m À2 [Markowicz et al., 2002] and À75 W m À2 over the Indian Ocean [Ramanathan et al., 2001b] . The NADRF SWR is estimated to be À63.9 [Nakajima et al., 2003 ] and À73 W m
at Gosan [Bush and Valero, 2003] . The overall NADRF of Asian dusts ranges from 65 to 94 W m À2 near the east Asian seaboard area [Kim et al., 2005] . In a tropical urban area, the NADRF SWR is about À53 W m À2 [Chou et al., 2006] . The NADRF SWR derived in northeastern China during the spring is À48.0 W m À2 [Xia et al., 2007] . The difference in the daytime length can contribute significantly to differences in NADRF. Differences in NADRF SWR are also caused by differences in aerosol properties and surface albedo [Yu et al., 2006] . The annual mean NADRF for PAR (NADRF PAR ) derived from measurements and model simulations is À28.0 and À28.9 W m À2 , respectively. A moderate seasonal variation in NADRF is apparent from Figure 8 (bottom right), namely, À32.0, À32.6, À24.4, and À19.2 W m À2 for spring, summer, fall and winter, respectively. The value of NADRF PAR during the fall season is close to the value reported by Xu et al. [2003] for the Yangtze Delta region in November (À26.3 W m À2 ).
[24] Aerosols dramatically impact not only global irradiance, but also the partitioning between the direct and diffuse components of surface global irradiance. Figure 9 presents the monthly changes in surface global, direct and diffuse radiation induced by aerosols in the SW and PAR spectra, respectively. The significant reduction in direct radiation due to aerosol scattering and absorption is partly offset by the moderate increase in diffuse radiation. The annual mean changes in global and direct SWR derived from measurements are À38.6 and À89.6 W m . Note that changes in global, direct and diffuse radiation show a distinct seasonal variation with larger values occurring during spring and summer. The ratios of global, direct and diffuse SWR under the condition with aerosol to those without aerosol are about 85%, 63% and 286%; the corresponding ratios for PAR are about 81%, 50% and 350%. This shows that the diffuse fraction of surface irradiance increases dramatically in the presence of aerosols. The increase in diffuse radiation to the surface due to aerosols has two advantages: higher light use efficiency and fewer tendencies to cause canopy photosynthetic saturation [Roderick et al., 2001; Gu et al., 2002] . If the benefit of the increase in diffuse PAR overcomes the loss caused by the decrease in direct PAR for vegetation photosynthetic activities, regional haze in China could enhance crop production. Further studies are required, in which both global irradiance and diffuse irradiance should be considered in assessing the effect of aerosol scattering and absorption on plant growth.
Conclusions
[25] Solar broadband and spectral radiation measurements have been made since September 2004 at the Xianghe site, located in a suburban region in northern China. Fifteen months' worth of radiation data are used to explore aerosol effects on surface irradiance. The significant aerosol effects on SWR and PAR are revealed in this paper. Variations in aerosol loading not only change the amount of global solar radiation reaching the Earth's surface but also alter the relative proportions of diffuse and direct surface irradiance.
[26] A parameterization method is developed to describe the relationships between surface irradiance and AOD for different solar zenith angles, which is then used to compute instantaneous and diurnal mean aerosol radiative effects. The estimates of aerosol direct radiative forcing from measurements and from radiative transfer model simulations are in good agreement, with differences generally less than 0.5 W m
À2
. The annual mean ADRF SWR is À32.8 W m
. The results show a distinct seasonal variation in ADRF SWR , namely, À40.2, À48.8, À27.8, and À14.3 W m À2 from spring to winter. The seasonal ADRF PAR is À20.7, À25.1, À13.7, À6.8 W m À2 from spring to winter, about half ADRF SWR .
[27] Aerosols dramatically impact not only global irradiance, but also the partitioning between direct and diffuse components of surface irradiance. The significant reduction in direct radiation reaching the Earth's surface due to aerosol scattering and absorption is partly offset by the moderate increase in diffuse radiation. The annual mean changes in global and direct SWR derived from measurements are À38.6 and À89.6 W m À2 , thus the mean change in diffuse SWR is 51.0 W m
. The annual mean changes in global and direct PAR are À21.4 and À51.0 W m À2 , respectively, so the annual mean change in diffuse PAR is 29.6 W m À2 .
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